Surface exclusion is the mechanism by which F plasmids prevent the redundant entry of additional F plasmids into the host cell during exponential growth. This mechanism is relaxed in cells that are in stationary phase. Using genetically marked F plasmids and host strains, we extend this finding to Escherichia coli populations during extended nonlethal selection in bacterial lawns. We show that a high level of redundant transfer occurs between these nongrowing cells during the selection. This result has implications for the mechanism of adaptive mutagenesis.
Our lab is investigating nonlethal bacterial selection systems in which cells appear to undergo adaptive mutagenesis. Adaptive mutagenesis implicates environmental stress factors as a cause of specific advantageous mutations and not just as a selective force that enriches for random beneficial mutations within the population. The nonlethal genetic selection systems used to study adaptive mutation share basic tenets (11) . In these systems beneficial mutations occur in the absence of significant cell growth and without the accumulation of nonadvantageous mutations (6, 7, 14) . One of the best-studied systems utilizes an Escherichia coli K-12 strain in which the chromosomal lac genes are deleted and which carries an FЈ lac plasmid containing an out-of-frame ⌽(lacI q -lacZ)33 fusion. The strain is unable to grow on minimal lactose plates (Lac Ϫ ). When plated on lactose media, Lac ϩ colonies appear after 2 days and new colonies continue to form for many days (7) . Most of the Lac ϩ revertants contain deletions within small mononucleotide repeats that restore a reading frame to the lacZ gene (13, 23) . An important question is that of how these alterations occur without cell division and chromosome replication (7) . Long-standing research concerning F plasmid biology suggests a solution to this paradox.
Conjugative F plasmids were first described nearly 50 years ago (20) . It was soon noted that although F plasmids efficiently block the entry of additional F plasmids, this blockage is relaxed in stationary-phase cells (19) , yielding F ϩ cells that are phenotypically F Ϫ (termed F Ϫ phenocopies) (19) . The extent to which F ϩ cells relaxed this block was estimated by incubating exponentially growing liquid cultures of F ϩ cells with F ϩ cells from stationary-phase cultures (33) . Procedures that optimized the F Ϫ phenocopy condition were later developed (4). These procedures involved growing cells into stationary phase and maintaining them at a specific pH in storage media (4) . Given that stationary-phase F ϩ cells do not block the redundant entry of additional FЈ plasmids, a high level of transfer might occur between F ϩ cells during nonlethal selections. Because FЈ plasmid transfer involves replication of the plasmid genome in both the donor and recipient cells, this may provide a mechanism of preferential mutagenesis for plasmid-encoded genes. Moreover, it results in multiple plasmids within the same cell, thus allowing various recombination events to occur.
To determine whether redundant FЈ transfer occurs in populations during nonlethal selections, we marked the chromosomes and FЈ plasmids of two strains with antibiotic resistance determinants. The resulting strains, JP182 and JP185, were monitored for redundant transfer (F ϩ 3F ϩ ) during incubation on minimal maltodextrin media (21) at 37ЊC. Both strains carry a large deletion within the lamB gene, rendering them unable to grow on maltodextrin media (10, 32) . We chose this system because it is a well-characterized long-term selection system in which there is minimal cell turnover, because mutants continue to appear for extended periods of time (6) , and because it mimics natural environments where nongrowth conditions are common (24) . Strain JP182 is resistant to streptomycin (Str r ) because of a chromosomal mutation (rpsL150) and resistant to tetracycline (Tet r ) because of a Tn10 insertion in its FЈ plasmid (FЈ Tn10) ( Table 1 ). Strain JP185 is resistant to rifampin (Rif r ) because of a chromosomal mutation (7) and resistant to chloramphenicol (Cam r ) because of a Tn9 insertion in its FЈ plasmid (FЈ Tn9) ( Table 1) .
We monitored redundant transfer by the following assay. Cultures of JP182 and JP185 were grown overnight in LuriaBertani (LB) medium (28) , washed with 1ϫ M63 (28) , mixed at the appropriate ratio (see below), vortexed, and plated on maltodextrin media. At various time points after plating, FЈ transfer was monitored by removing a small section of the lawn with a sterile test tube (18 by 150 mm) and washing the cells free from the agar plug by vortexing in 10 ml of 1ϫ M63. Dilutions of the resuspended cells were plated on LB medium containing the following antibiotics: streptomycin (125 g/ml), rifampin (100 g/ml), chloramphenicol (25 g/ml) plus streptomycin, tetracycline (25 g/ml) plus rifampin, and streptomycin plus rifampin (28) We observed that within 3 h, redundant transfer in each direction occurred at a frequency of 10 Ϫ2 to 10 Ϫ3 (Fig. 1 ). The rate of transfer increased during the first 2 h (Fig. 1A) . The frequency of cells in the population that exchanged FЈ plasmids remained at 10 Ϫ2 to 10 Ϫ3 for extended periods (Fig. 1B) . We consistently observed that the JP182 (FЈ Tn10)3JP185 (FЈ Tn9) transfer frequency was always higher than the JP185 (FЈ Tn9)3JP182 (FЈ Tn10) transfer frequency. This may reflect differences in the types of antibiotic used or subtle differences in the strains. As a control, the two strains were incubated separately on maltodextrin media, mixed, and immediately plated on selection media. Under these conditions we obtained a background transfer frequency of ϳ10 Ϫ5 for both strains. This was a result of conjugation on the antibiotic selection media and was not due to spontaneous mutations that confer antibiotic resistance. Independent measurements showed the frequency of spontaneous antibiotic-resistant mutants to always be less than 10
Ϫ9
. Besides the control experiments described above, the two F ϩ strains were mixed directly on selection media without an intervening incubation on maltodextrin media. Under these conditions the average transfer frequency was 4.9 ϫ 10 Ϫ5 (standard deviation, 4.3 ϫ 10
Ϫ5
) for JP182 and 3.6 ϫ 10 Ϫ5 (standard deviation, 2.6 ϫ 10
) for JP185 (data from three independent experiments). These results correlated well with the background levels shown in Fig.  1 . When we added agents that disrupt the transfer of F plasmids, such as detergents (3), the transfer frequency of the controls was reduced to less than 10
Ϫ7
. When cells that had received the incoming plasmid were purified and analyzed, they were found to have lost their original resident plasmid. Spontaneous loss of the resident plasmid is less than 10
Ϫ5
, i.e., no white colonies were detected among more than 10 5 colonies screened. Spontaneous loss was easily monitored, because cells which lose the FЈ lac resident plasmids are white on media containing 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal), while those that carry the plasmid are light blue. In experiments in which we demanded retention of both the Tet r and Cam r FЈ plasmid markers, cointegrate plasmids were found. Cointegration was inferred from the finding that subsequent transfer of either marker resulted in the simultaneous transfer of the second unselected resistance marker. This supports the previous finding that the cells will transiently contain two highly related and replication-incompatible plasmids (4) .
FЈ plasmids can transfer chromosomal markers at a low frequency (19) . We tested the nongrowing cell population for the transfer of chromosomal markers and observed a transfer frequency of approximately 10
. This was calculated by dividing the number of cells that were Str r and Rif r by the concentration of the limiting parent. Transfer of chromosomal markers was detected only after an extended period on the selection plate. Samples taken from the lawn prior to 30 h of incubation (Fig. 1B) did not show transfer of chromosomal genes. Since the transfer of chromosomal markers was observed only after 30 h of incubation, this suggests that redundant transfer continues to occur during selection. Alternatively, this could re- a The FЈ lacI ⍀lacZ plasmid was introduced into MCR106 by conjugation. Exconjugants were selected at 42ЊC on minimal melibiose media containing streptomycin. b The ⌬lamB106 mutation was introduced into FC40 in a two-step construction. First, a malB::Tn5 kanamycin-resistant (Kan r ) mutation was introduced into FC40, and then the resulting strain was transduced to Mal ϩ (able to grow on maltose minimal media) with a P1 lysate prepared on MCR106. The transductants were then screened by cross-streaking over phage to identify those that carried the ⌬lamB106 mutation.
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on September 7, 2017 by guest http://jb.asm.org/ flect a delay in occurrence of recombinational events following entry of the incoming F plasmid. This seems unlikely. F ϩ cells in exponential growth inhibit the redundant entry of highly related F plasmids in a process called surface exclusion. Mutational analysis has identified two genetically distinct surface exclusion systems encoded by the F genes traS and traT (2) . While the traT gene product appears to reduce the ability of cells to maintain stable mating aggregates, the mechanism through which traS acts remains unproven (1, 34) . To ascertain if growth phase affected transfer during nonlethal selections, an overnight culture of JP182 was diluted (1:50) into fresh LB medium and its abilities to function as a donor and a recipient were monitored concurrently with growth (Fig. 2) . The transfer assay was done as described above, except that the donor (JP182) cells were from the growing population. The frequency of transfer was determined following 2.5 h of incubation on maltodextrin selection media in the presence of excess stationary-phase JP185 cells. Previous experiments had shown that transfer reached maximum efficiency by 2.5 h (Fig. 1B) . The results showed that cells maintain their ability to function as donors, irrespective of their growth phase (Fig. 2) . However, their ability to function as recipients declined as the cells entered exponential growth and then slowly rose after growth ceased (Fig. 2) . Our findings are therefore consistent with the growth phase-dependent expression of surface exclusion previously observed for F ϩ cells (19, 30, 33) . Our results extend this finding to include conditions of long-term selection on solid media. The mechanism(s) which allows nonexponentially growing F ϩ cells to become efficient recipients remains unclear. Previous research has showed that the traT gene product does not appear to decline during stationary phase, thus implicating traS as the responsible gene (30) . It remains to be determined if this process is effected by one of the known systems that allow cells to enter stationary phase (18, 27, 31) . The finding that extended selections result in F ϩ cells becoming F Ϫ phenocopies suggests that a variety of environmental conditions can result in loss of the surface exclusion blockage. A second explanation for our findings, which does not exclude the first, is that a mating signal may be transmitted between the donor and the recipient cells for conjugation to occur. The role of the TraS protein is unproven, but this protein has been suggested to play a role in signaling (16) . A diffusible signal is required for the conjugation of some plasmids in Enterococcus faecalis (8) . Systems in E. coli, such as the two-component regulatory system CpxA-ArcA, are known to regulate the ability of an F ϩ cell to donate F plasmids (29) and could play a role as the target for signals.
The protection from invasion by a second F plasmid is advantageous because growing cells maintain only a single F plasmid (17) . Prevention of redundant transfer in actively growing cells would reduce the potential for an incoming F plasmid to displace the resident F plasmid or alter its genome. Transfer of FЈ plasmids and chromosomal genes under stationary and other nonexponential growth conditions, i.e., those conferred by extended selections, could provide opportunities for genetic diversity during these less optimal conditions. Environmentally sensitive genetic uptake systems have a precedent in other procaryotes. The transformation ability of Bacillus subtilis is regulated with growth phase (9) , and it has been reported that Corynebacterium glutamicum exhibits an increased ability to act as a recipient when subjected to various stresses (25) .
The FЈ plasmids used in this study are derivatives of the FЈ lac plasmids used to study adaptive mutation (7, 12, 15) . Considering the results reported here, certain aspects of the plasmid-based lactose selection test system may need to be reconsidered. In this system a scavenger strain containing lac deletions in its chromosomal lac and FЈ lac genes is plated in 10-fold excess to the test strain to compete for contaminating carbon sources (7) . Because the scavenger strain cannot revert to a Lac ϩ phenotype when plated alone, it is considered genetically neutral when the effects of various mutant alleles are tested. Many mutations have been tested for their effects on the adaptive mutation process by introducing them only into the test strain (7, 12, 15) . Because redundant transfer mixes FЈ plasmids from the two nongrowing populations, both populations need to be isogenic for the alleles being tested. Until the effects of the mutant alleles in the scavenger strain are examined, conclusions regarding the role of these mutations in the adaptive mutation process are tentative. It is unclear if redundant transfer directly and/or indirectly plays a significant role in the process of adaptive mutagenesis, and further study is required. We currently are assessing its role in adaptive mutagenesis. Since redundant transfer results in DNA synthesis of the ⌽(lacI q -lacZ)33 gene fusion in both the donor and recipient cells by rolling circle replication without cell division, this raises the possibility that this contributes to, or is the source of, the deletions found by others (13, 23) . Redundant transfer also results in multiple homologous plasmids and possibly transient singled-stranded DNA regions within the cells under selection. Both circumstances increase the likelihood of aberrant recombination events leading to frameshift correction and additional DNA replication via alternative mechanisms, as reviewed by Asai and Kogoma (5) . For these scenarios one need not invoke a slowed methyl-directed mismatch repair system during ex- on September 7, 2017 by guest http://jb.asm.org/ tended selection, as has previously been suggested (23) . In the same way that the formation of araB-lacZ fusions in the Mu system described by Shapiro (26) is influenced by phage biology (22) , certain aspects of the FЈ lac selection system may eventually be explained by F plasmid biology.
